Evaluation of oxygen vacancy content from EELS
As introduced in the method part in the main text, EELS spectrums were taken by box scan mode. The measurement area is carefully chosen according to each characteristic GB structure, making sure to contain integral times of structure unit for each GB, as shown in Figure 1 .
We will start this issue from EELS results, evaluating the concentration of Ce3+ first, then for the oxygen vacancies.
M5/M4 ratios were determined using the positive part of second derivative of the experimental spectra, and were determined to be 0.9 and 1.25 for Ce 3+ and Ce4+ respectively 1, 2 . Ce has the discrete valence state of either 3+ or 4+, so that the whole system inside the measurement area is consist of Ce4+ and Ce3+. If we assume that the M5/M4 ratio is composed by the linear combination of Ce4+(0.9) and Ce3+(1.25). Thus by
where n here is the number of the atoms and c is the fraction of a given element.
the faction of c(Ce3+) inside each measurement unit shown in Figure 1b and c can be calculated 3 . Consider the case of one unit along the observation direction, then the number of Ce3+ atoms inside each measurement unit could be obtained by counting the total number of Ce atoms. If we follows the widely accepted idea from Skrodumova et al 4 , that when generating one oxygen vacancy, two Ce would be reduced from 4+ to 3+. That is to say (2) In this way, we can acquire the number of oxygen vacancies. Figure S1 . Topography of YSZ GBs in this study. Scale bar, 200 nm. Figure S2 shows the ESM hysteresis loops extracted from the GB and bulk taken from the Σ5 GB. It can be seen that the ESM response in the GB is stronger than that of bulk. In addition, only the negative ESM response is different in the GB and bulk, and this can be explained as follows. Since diameter of contacting area between the probe and sample in ESM (about 10-20 nm) is much larger than the GB core width (about 1 nm), it is possible to detect the surface change when GB is uplifting regardless of the GB core width. However, it is difficult to detect any change when the GB is subsiding. Since in our AFM system, the negative response of ESM corresponds to the sample uplifting 5 , we only observed difference of ESM hysteresis when applied with negative voltage. Figure S2 . ESM hysteresis loops extracted from the GB and bulk taken from the Σ5 GB. The red hysteresis loop is obtained at the red point in the GB, and the blue one is obtained at the blue point in the bulk.
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